Abstract. Air pollution is a serious environmental problem. Aerosol-which plays an important role in regional air pollution-is the main source of it. To get information of aerosol accurately and quickly, remote sensing image retrieval is an effective way. Sources of aerosols are different. Anthropogenic activity is the main factor causing thick aerosol. In that way, how to extract effective anthropogenic activity data to characterize aerosol and its influence becomes a significant scientific issue. In order to solve this problem, this paper uses HJ satellite remote sensing images and near IR-visible surface albedo correlation approach to retrieve aerosol optical depth (AOD). We also analyzed the relationship between the AOD and population density. The conclusion is as follows: (1) The spatial resolution of AOD retrieved from HJ satellite image is higher than that of the MODIS results. (2) There is a high correlation between AOD distribution and population density in the research region of east China. The correlation coefficient between population density value and the AOD is R 2 = 0.625. (3) To most of the cities, the β value is larger than 1. This means that the aerosol level increases incrementally from small to larger populations in cities.
Introduction
Aerosol is defined as the scattered and small solid or liquid particles suspended in a gas medium in the formation of the colloidal dispersion system, also known as the gas dispersion system (Charlson et al., 1992) . Aerosols plays a substantial role in global climate change and earth's atmospheric radiation balance (Rosenfeld and Woodley, 2000) . Aerosols are able to interact with both incoming solar shortwave and outgoing terrestrial longwave as they scatter and absorb the short and longwave radiation as well as exert a more complex effect on climate (Charlson et al., 1992 ; Gunaseelan et al., 2014; Kaufman et al., 1997c; King et al., 1999; Oh et al., 2004) . Aerosol is an important contributing factor to turbidity in urban areas besides having an impact on health (Che et al., 2014; Latha and Badarinath, 2005) . Meanwhile, the growth of particulate emissions is expected to be greatest in developing countries, especially India and China (Wolf and Hidy, 1997) .
At present, China's aerosol detection is mainly composed of ground monitoring stations. Nevertheless, because of the vast area and dispersed monitoring network, a dotted monitoring network is difficult to reflect the aerosol distribution in China comprehensively, continuously, and real-time dynamically (Ma et al., 2014) . For some key monitoring areas, to provide accurate, elaborate data is difficult (Fang et al., 2013) . In that case, using remote sensing images to retrieve and monitor aerosol is an effective way to achieve this purpose. It is a wide-coverage, real-time, and low-cost way to retrieve the aerosol optical depth (AOD) from remote sensing images (Engel-Cox et al., 2004; Kokhanovsky et al., 2007) .
Nowadays, remote sensing retrieval is more and more accepted in aerosol research. There have been relatively mature and systematic studies about methods of retrieving aerosol data from satellite remote sensing images (Kaufman et al., 1997a ). Thus far, a variety of retrieval methods with high precision and recognition exist (Martonchik et al., 2002) . Dark pixels algorithm is a widely-used algorithm found by Yoram J. Kaufman. The albedo measured by satellite increases with the increased AOD in the circumstance that the surface albedo is low. The algorithm is sensitive to the assumed reflectance of the dense dark pixels (Kaufman and Sendra, 1988) . There are three common algorithms to determine the dark pixels. Firstly, we can use the NDVI to determine the dark vegetation. The albedo of these dark pixels is taken as the surface albedo. It is a very effective algorithm to calculate the surface albedo (Kaufman and Sendra, 1988) . Secondly, the albedo of 2.1um channel is nearly not affected by AOD. As a result, we can take the albedo of 2.1um channel as the surface albedo (Eck et al., 1998) . Thirdly, the albedo of 3.5um channel is very sensitive to water, clouds, and vegetation. Meanwhile, the sizes of most aerosol are smaller than 3.5um. Thus, the albedo of 3.5um channel can be used to determine the dark pixels. It is usually combined with 2.1um channel data to improve the precision (Kaufman et al., 1994; Kaufman et al., 1997b) . Based on the dark pixels algorithm, many new algorithms are developing (Liang et al., 2006) . Another algorithm to retrieve AOD is the structure function algorithm. It was found to solve the low precision in high-albedo area in the process of retrieval (Tanré et al., 1988; Tanre et al., 1992) . This algorithm is less limited by the surface albedo, so it is mostly applied in arid and semi-arid regions. The Polarization and Directionality of the Earth's Reflectance (POLDER) is a wide field of view imaging radiometer that has provided the first global, systematic measurements of spectral, directional and polarized characteristics of the solar radiation reflected by the Earth/atmosphere system. The POLDER data can be also applied to retrieve the AOD (Deuzé et Currently, China's urbanization rate is beyond 50% and it will keep increasing in the future (Wang and Wan, 2014) . The current increase of city sizes leads to less obvious but persistent increases in air pollution concentrations and related health impacts (Lianou et al., 2011; Paredes-Miranda et al., 2013) . However, the relationship between urban population and quantity of aerosols in urban area gained only very limited research. The targets of this research is as follows: (1) to retrieve aerosol concentration of east China through remote sensing images, (2) 
Materials and Methods

Research region
To get the results which can be corroborated by each other, the research area should contain a variety of terrains, including plains and hills. Thus, we selected 147 cities in and around Yangtze River Delta in east China as research region, including Zhejiang, Shanghai, Jiangsu, Anhui and Jiangxi province. We selected a total of 47 counties and cities in southeastern Jiangsu, a total of 62 counties and cities in northern Zhejiang, a total of 23 counties and cities in eastern Anhui, and 7 counties and cities in parts of northeastern Jiangxi. The research region map is shown in Fig. 1 . The region belongs to the northern subtropical zone which has a temperate climate. Air is moist while four seasons are obvious there. Precipitation is relatively abundant and annual rainfall is between 1000 mm to 1465 mm with annual average temperature is of land consists of plains. The region has become one of the most developed regions in China. It has an important position in China's economic blossom. Rapid urban development and economic growth has brought prosperity to this region. Meanwhile, it also brought huge resource consumption and environmental problems. More and more industrial production and people make air pollutants as well as cause some environmental problems.
Data acquisition and preprocessing
This research chose ENVI 5.0 software in image processing and aerosol retrieval. HJ-1 satellite CCD data was acquired from China Centre for Resources Satellite Data and Application (CRESDA: http://www.cresda.com/n16/index.html). We chose a total of 18 radial images of level 2 products in Yangtze River delta region with sunny or windless weather. These images were taken from May to August in 2013. These images take Digital Number (DN) as data storage method. In that ways, before we used these images, we ought to convert DN value to real physical value through radiation calibration. Meanwhile, geometry parameters were read, such as solar zenith angle, satellite zenith angle and satellite azimuth angle data.
The resolution of HJ satellite image is 30m. In aerosol retrieval, retrieval results can be influenced by terrain and its shadow. Influence of such factors cause inaccurate and high manic ratio to retrieval results. The higher the resolution is, the more inaccurate the results will be. Thus, we need a resampling process for remote sensing image to enable image resolution meet the demand of aerosol retrieval precision. In our research, we diminished the length and width ten times of image measuring resolution respectively, which is 10 plus 10 resampling, to convert the image resolution into 300m*300m.
Cloud remove
A few clouds will still exist in the image despite choosing clear remote sensing images under windless weather. In the process of retrieval, if there are clouds in images, it will cause errors in results. Thus, before the aerosol retrieval we need to identify and remove clouds.
To remove clouds from the image, this research used a threshold value method. Pixel reflectivity threshold is used to determine the cloud pixel. In the use of HJ satellite remote sensing image for cloud detection research, it is concluded that the best threshold is to set reflectivity threshold to 0.2, while near infrared and red channel ratio is set to a number between 0.9 and 1.1. In that way, our research also chose the same parameters for cloud detection. We identified the pixel where infrared and near infrared reflectance is more than 0. 
Aerosol retrieval
The basic principle of near IR-visible surface albedo correlation approach is that the surface reflectivity of the object increases with the rise of the AOD in the case of low surface reflectivity (Kaufman et al., 1997c ). Assuming surface is lambert surface and atmosphere is uniform, then the earth's apparent emissivity observed by the satellite above the atmosphere can be expressed as: Among them θ s is the solar zenith angle. θ v is the observation direction. φ is the angle between the scattered radiation and the sun's rays. F d (θ s ) is the downward radiation flux when surface emissivity is zero in the normalized, equivalent to the total transmission rate down. T(θ s ) is the total transmittance upward into the direction of the satellite view. S is scattering ratio for the atmosphere. ρ is the mean surface albedo on observation angle and incident angle (Levy et al., 2010 (Levy et al., , 2006 . When apparent reflection radiation is very small or zero, the AOD can be obtained by atmospheric path radiation term ρ a (θ s , θ v , φ). Therefore, the key problems of aerosol retrieval are removing the surface contribution ρ from the apparent reflectance ρ* of the red and blue bands. Due to the lack of short-wave infrared wavelengths in HJ satellite image, the dark pixels can be distinguished use NDVI threshold. For the vegetation features, the larger NDVI value suggests that there is denser vegetation. In this research, we used the threshold method to extract the dark pixels in the image. The threshold is NDVI > 0.3.
Look Up Table ( LUT) is a key part in retrieval of aerosols. The 6S model was commonly used to construct LUT worldwide. This research also used it. In this research, the middle latitude summer was selected for the atmospheric model, city mode was selected for the aerosol model. The AOD in lookup table ranges from 0.0001 to 1.95, a total of eight values. In geometry settings, the solar zenith angle is set to 0-66°, satellite zenith angle is set to 0-39°, solar azimuth angle is set to 0-180°, and satellite azimuth angle is set to 0°.
To get AOD value, we combined the images after cloud removing with NDVI. The pixels whose NDVI value was higher than 0.3 were chosen. Then, the interpolation of LUT was done with the image and satellite parameters, such as angle of the sun, the solar zenith angle, satellite altitude angle, and zenith angle, given in the header file of image to get apparent reflectance of aerosol dark pixels in different AOD. After that, we compared the results with apparent reflectance of the under-retrieval images. Finally, after some processes, such as mosaic, interpolation, and clipping, we can get the AOD value of the research area. 
Accuracy verification
NASA MOD04L2 aerosol products were generated by the near IR-visible surface albedo correlation approach, using optical channel and near infrared channel data. Its resolution is 10km*10km. A large number of studies have shown that most of the MODIS aerosol products are within the error range. It can be used to test the authenticity of retrieval results of HJ satellite aerosols in a certain extent.
In accuracy validation process of this research, we selected the area which MOD04 aerosol product can completely cover. We compared the HJ retrieval results to the MODIS retrieval results to verify accuracy of our process.
Results and Discussion
The retrieval results of AOD Using near IR-visible surface albedo correlation approach to retrieve atmospheric AOD in regions of east China in May to August 2013, the result is shown in Fig. 2 . The AOD value ranges from 0.00133-1.43 in east China. Using multivariate tools in ArcGIS for calculation, we concluded that the mean and standard deviation of aerosol value in research region is 0.268 and 0.232, respectively.
The research region was divided into Shanghai, Jiangsu, Zhejiang, Jiangxi, and Anhui by province. We calculated the mean AOD respectively. The results are shown in Table 1 . As it can be seen from the table, the mean AOD in Shanghai and Jiangsu is higher, the minimum AOD of the two regions is also the highest among the five areas. The mean AOD in Zhejiang and Jiangxi is relatively low. The minimum AOD in Zhejiang and Anhui is the lowest. The maximum AOD of Shanghai, Jiangsu is highest. Coastal areas generally have higher AOD. According to Figure 2 , the location of the city can be clearly distinguished. It can be concluded that the AOD of the city center area is high and that of fringe region is low. http 
Precision analysis
The MOD04 products of June to August were retrieved from NASA's website (http://ladsweb.nascom.nasa.gov/data/search.html). The products, which can mostly cover the research region, were chosen. MCTK tool was used to extract the data of aerosol. The extraction results are shown (Fig. 3) .
74 counties which MOD04 can completely cover were selected in the research region. The mean AOD was calculated in scope of each county or city on both MOD04 products and HJ retrieval. The scatterplot was drawn per statistics of average AOD and the trend line was fit. Results are shown in Fig. 4 .
It can be drawn that the correlation coefficient between retrieval results and MODIS04 aerosol products are high. R 2 is 0.718 while F value is 187.1 which is greater than the F 0.05 (1, 72) . It indicates that fitting coefficient meets confidence level. The AOD results of two kinds of sensor data are shown in Comparing two sets of data, the mean value of HJ retrieval is 0.397 with a range of 0.289 to 0.783. The mean value of MODIS04 is 0.245 with a range of 0.349 to 0.590. Standard deviation of HJ is slightly superior to that of MODIS04. The absolute error of HJ retrieval is on high side. Also, the HJ retrieval aerosol value was slightly undervalued. Overall, it still reflects a higher correlation, which indicates that the retrieval precision is reliable.
Comparison with AOD and population
The world population density figure of 2010 was retrieved from the Center for International Earth Science Information Network (CIESIN: http://www.ciesin.org/). Population density distribution figure in the research region was retrieved after interpolation and clipping the origin figure. It is shown in Fig. 5 . Overall, it can be drawn from the figure that distribution of AOD roughly conforms to the trend of population distribution. It means where the population density is high, AOD is high too, and vice versa. It also can be seen that in the district of high population region, such as Shanghai, southern Jiangsu and Qian Tang river region, the AOD value is higher too, which was expressed by a red color. In part of Zhejiang and Anhui, population density value is low and AOD value is smaller, which was expressed as a blue color. Meanwhile, intensive contour means that population density changes fast. In image above, we can find that AOD values change quickly in some concentric circles where contour is intensive. In the area where contour is sparse, such as most of the area in Zhejiang province, we can find that AOD value changing rate is smaller. This means that population density and aerosols have roughly similar distribution characteristics. http 
Discussion
In the selected research area, we calculated average population density and aerosols in each counties and cities, respectively. Thus, we got 147 sets of values. After that, we calculated the natural logarithm of each group of population density value and AOD, respectively. The scatterplot was drawn with Napierian logarithm of AOD being taken as the abscissa and Napierian logarithm of population density being taken as the ordinate of each statistic group. The outcome was used to conduct trend analysis. The result is shown in Fig. 7 . In the expression, A refers to the AOD value, C and β are coefficients, P refers to the population density. According to the expressions of the linear regression equation, it can be obtained that C=8.935*10 -and β=1.286 in the research region. The F test value is 244.3, bigger than F 0.05 (1, 145) , showing that the fitting result is reliable. Figure 7 (b-f) is the scatterplot for the points by province. Its order is Shanghai, Jiangsu, Zhejiang, Anhui, and Shanxi. Table 3 shows C and β value for the different provinces. We can see from the graph that in addition to Shanghai, the relationship between population density and aerosol of the rest provinces still broadly fit the equation (1) . Because Shanghai's points are too less, the correlation coefficient is low and the confidence is 0.181. It means the two sets of data do not have a significant difference in Shanghai. Jiangxi shows the same results. Therefore, the regression equation is not representative, in the following discussion we will not refer to them. In addition to Shanghai, the rest of the provinces β value is larger than 1. From the table, we can also conclude that in Anhui, β value is higher than that of Jiangsu and Zhejiang. This means the increased aerosol value of Anhui is bigger than that of Jiangsu and Zhejiang with each additional unit of the same population. Also, provinces have different C values. The highest C value is in Jiangxi. Anhui's C value is the lowest. This means that under the condition of invariable β, increase of AOD in Jiangxi is highest and that of Anhui is lowest. Nevertheless, due to the various β of provinces, C value is only a coefficient rather than an index, thus the impact of C value is limited.
We compared our results with publically available researches. Lamsal et al. (2013) studied the relationship between the population density and NO 2 from a global scale. He obtained ground-level NO 2 concentrations via satellite (OMI) and GEOS-Chem, and compared it with the population density of those regions. On the choice of the study region, he chose countries such as America, Europe, China and India. Compare to their research, we focus on east China area because we have a higher image resolution there. Their image resolution is 0.25°×0.25° while our resolution is up to 300 m×300 m. This makes the regional internal comparison possible.
Through the research, they think ground-level NO 2 related with population density (r from 0.69 to 0.71) which is similar with the conclusion of ours. At the same time, in their research, the β value of rapid industrial development area is higher and vice versa. The NO 2 of urban areas grows faster than that of the rural areas. These conclusions is also pretty much similar to ours. However, in their study, β is generally less than 1, means that the increase of NO 2 is lower with each additional unit of the population. Considering the source, flow direction, physical and chemical properties of NO 2 and aerosol are different, it is possible to be in such situation, but it also means that the study of the relationship between population density and atmospheric pollutants remains to be study further and deeper.
Conclusion
According to the principle of the near IR-visible surface albedo correlation approach, this research takes HJ satellite remote sensing images with high spatial resolution combining with the cloud removal method, to retrieve the distribution of aerosol in east China economic-developed areas and analyzes the relationship between the aerosol distribution and population density. Conclusion is as follows:
The spatial resolution of AOD retrieved from HJ satellite image is higher than the MODIS results. The resolution of MOD04L2 aerosol products is 10km*10km while that of our HJ satellite AOD is 300m*300m after resampling. The high-resolution AOD benefits us in focusing on smaller area. We are able to compare the AOD between cities or provinces rather than countries or continents. We could research more specific issues and raise more practical proposal with the advantage of our results.
There is a high correlation between AOD distribution and population density in the research region of east China. The population density value and the AOD was taken to numerical and linear regression equation fitting, the correlation coefficient is R 2 = 0.625 which indicates a high correlation. The slope of the fitting equation is positive, means that where the population density is high, AOD is large and vice versa. Population density is higher in Jiangsu and Shanghai. The AOD value is higher, too. It is reflected in that the average value is higher while the minimum value is higher too. In Anhui, Zhejiang and Jiangxi, the population density is lower and the average and the minimum value is lower too. After conducting linear regression of Napierian logarithm of population density and the AOD, we get that the data fits A=CP β . It suggests that each additional unit of the population brings the added value of the AOD increase. Research the relations between population and aerosol by provinces, the added value of the aerosol with per population increase of Zhejiang province is lower, the added value of the aerosol with per population increase of Jiangxi and Anhui is higher. As for the reason, there is vast low population region in Zhejiang province in the cause of mountain areas. Meanwhile, Jiangxi and Anhui is in the inland and air flow is small lead to the low AOD in those places.
In that way, we can say large cities face more aerosol pollution pressure caused by population. To most of the cities, the β value is larger than 1. When the population is http://www.aloki. increasing, the gathering speed of AOD is becoming larger. This means the aerosol increment of a city with large population is severer than that of a city with less population with each additional unit of same population. Also, cities have different C values. Nevertheless, due to the various β of cities, C value is only a coefficient rather than an index, thus the impact of C value is limited. To those cities which has the need for prevention and control aerosol pollution, if the population can't be controlled in a reasonable scope, then it will face greater aerosol pollution prevention pressure. Meanwhile, for some small cities or cities with less aerosol pollution prevent pressure, they also cannot treat it lightly. Due to the β value is generally greater than 1, the AOD will keep increasing though the population is not that large. If the population is not well controlled, aerosol concentration will be exponential increase. The more population is, the greater the prevention pressure of aerosol pollution will be.
